Introduction {#Sec1}
============

Infection by Lassa virus (LASV), a member of the *Arenaviridae*, causes a range of clinical outcomes from a mild or inapparent febrile illness to Lassa fever (LF), an often-fatal hemorrhagic disease. LASV is endemic in Nigeria, Sierra Leone, Guinea, and Liberia with sporadic cases reported in other West African countries^[@CR1]--[@CR5]^. The main reservoir of LASV is *Mastomys natalensis*, a peridomestic rodent that is abundant across a wide range of sub-Saharan Africa^[@CR6],[@CR7]^. Additional rodent reservoirs or intermediate hosts have also been described^[@CR7],[@CR8]^. Infection occurs by exposure to rodent urine or feces or during preparation of the rodent for food. There have been advances in understanding the structural biology, immunology and genomics of LASV^[@CR2],[@CR9],[@CR10]^, progress towards an immunotherapeutic drug^[@CR11],[@CR12]^ and new initiatives to develop a LF vaccine^[@CR13]^. However, there is as yet no approved vaccine, and the only available treatment is off-label use of the nucleoside analog drug ribavirin^[@CR14]^.

Prompt diagnosis of LASV infection is imperative for proper clinical management and isolation of patients^[@CR15]^. Treatment with ribavirin, when available, must be initiated early in the disease course, and survival is improved with supportive care including replacement of fluids and electrolytes or dialysis. Early diagnosis on the basis of clinical presentation alone is challenging because the initial symptoms, including fever, headache, malaise and general weakness, are nondescript^[@CR15]--[@CR19]^ and common to other febrile illnesses in West Africa, such as malaria, typhoid fever, leptospirosis and arbovirus diseases^[@CR20]^.

Laboratory diagnosis of acute LF in West Africa relies on the detection of LASV antigen (Ag) using immunoassays or genomic RNA using molecular diagnostics, such as polymerase chain reaction (PCR)^[@CR21]--[@CR25]^. We recently compared the field performance of recombinant antigen-based LF immunoassays to that of quantitative PCRs (qPCRs) using samples from acutely ill subjects meeting the case definition of LF presenting to Kenema Government Hospital (KGH) in Kenema, Sierra Leone. Zalgen Lab's first generation ReLASV RDT is a lateral flow immunoassay, based on paired murine monoclonal antibodies (MAb) to the Josiah strain of LASV (lineage IV); it performed with 90% sensitivity and 100% specificity, better than the most robust qPCR currently available (82% sensitivity and 95% specificity)^[@CR26]^.

The diagnosis of LF by molecular and immunological methods is challenged by the high genetic diversity of LASV^[@CR2],[@CR27]^, which is greatest in Nigeria. Preliminary studies suggested that a Pan-Lassa RDT configured with polyclonal antibodies and designed to recognize LASV of divergent lineages, including those in Nigeria, could have improved sensitivity and specificity compared to a Mab based RDT^[@CR26]^. In 2018, a dramatic increase in the number of reported LF cases occurred in Nigeria, providing an opportunity to more thoroughly test a Pan-Lassa RDT there. The Nigerian Center for Disease Control (NCDC) reported 431 cases from 21 states during the first four months of 2018^[@CR28]^. The factors underlying the increase in cases are not known. Genomic analysis found no evidence that a particular LASV strain or extensive human-to-human transmission drove the increase^[@CR29],[@CR30]^. LASV transmission during the 2018 surge in Nigeria was sustained largely by numerous distinct cross-species transmission events from a genetically diverse reservoir. Here, we compare the performance of the Pan-Lassa RDT designed to detect infection with the most common LASV lineage to available quantitative PCR (qPCR) assays during the 2018 LF outbreak in Nigeria.

Results {#Sec2}
=======

A cohort of suspected LF cases presenting to Irrua Specialist Teaching Hospital {#Sec3}
-------------------------------------------------------------------------------

We assembled a set of samples from suspected LF cases who were referred for testing to the Institute of Lassa Fever Research and Control at Irrua Specialist Teaching Hospital (ISTH) in 2018. Patient samples (N = 434) that had sufficient volume to run multiple diagnostic assays were included in the current analysis. Available patient data included age, sex, date of presentation, state of residence, estimated time to diagnosis, symptoms on presentation and outcome; the metadata was incomplete for 11% (49/434) of the patients. The set of stored samples collected during the 2018 Nigeria LF outbreak was used to evaluate the diagnostic potential of a suite of diagnostic immunoassays based on recombinant LASV proteins (ReLASV)^[@CR1],[@CR20],[@CR25],[@CR31]^.

ReLASV IgM and IgG capture ELISAs utilize microwell plates coated with a mixture of recombinant LASV nucleoprotein (NP)^[@CR31],[@CR32]^. The Pan-Lassa RDT is a dipstick-style lateral flow immunoassay using rabbit polyclonal antibodies to LASV NP of lineages II, III and IV, the most prevalent lineages in Nigeria and Sierra Leone. The Pan-Lassa RDT can be visually scored on a scale of 0 to 5, with strong positive samples developing in as little as 5 minutes and full signal development by 25 minutes (Fig. [1](#Fig1){ref-type="fig"}).Figure 1Signal development of the ReLASV Pan-Lassa antigen rapid diagnostic test. The ReLASV Pan-Lassa Antigen RDT is designed as a dipstick style lateral flow immunoassay. It can be visually scored on a scale of 0 to 5.

Quantitative real-time PCR (qRT-PCR) assays for LF diagnosis have been introduced by Trombley *et al*.^[@CR33]^, Nikisins *et al*.^[@CR34]^ and Altona 1.0^[@CR35]^ These and other qRT-PCR assays are in various stages of development. During 2018, the ISTH Lassa Program screened suspected LF cases using two qRT-PCR methods, the RealStar Lassa Virus RT-PCR Kit 1.0 (aka Altona 1.0; Altona Diagnostics GmbH, Hamburg, Germany) and the RT-PCR method of Nikisins *et al*.^[@CR34]^.

For the current analysis, Pan-Lassa RDT, Pan-Lassa antibody-capture immunoassay data and qPCR data were analyzed from the cohort of 434 subjects (Fig. [2](#Fig2){ref-type="fig"}). Four samples were excluded from further analysis because of discordant qPCR results. The remaining sample set (n = 430) was subdivided based on the results of the ReLASV screening immunoassays (Fig. [2A](#Fig2){ref-type="fig"}). Patients that were positive on the Pan-Lassa RDT were classified as Acute LF (n = 118, Table [S1](#MOESM1){ref-type="media"}). Patients were classified as Post-acute LF where RDT were negative, but anti-LASV IgM antibodies where positive (N = 115, Table [S2](#MOESM1){ref-type="media"}). The Non-LF illness group includes patients that were negative on all ReLASV immunoassays and patients with only anti-LASV IgG antibodies (N = 197, Table [S3](#MOESM1){ref-type="media"}). There were more males than females in each group (Fig. [2A](#Fig2){ref-type="fig"}). Patients with Acute LF were also older than patients in other groups, but a broad distribution of ages was represented in each group. The differences between groups by sex and age were not significant. The average interval from symptom onset to diagnosis of patients with acute LF was 7.5 ± .35 days (standard error of the mean). This interval was significantly greater (p \< .0001) than the 5.6 ± 0.30 day interval for subjects presenting with non-LF illness, but similar to the 7.5 ± 0.56 day interval for subjects with post-acute LF. There was no significant correlation between day of onset and either RDT score or level of IgM production.Figure 2Characteristics of subjects from 2018 outbreak of Lassa fever presenting to Irrua Specialist Teaching Hospital in Nigeria. Panel A: Demographics of subject cohort classified by Lassa immunoassay results. Subjects were classified as Acute Lassa fever, Post-Acute Lassa fever, and Non-Lassa Illness based on ReLASV immunoassay screening. Panel B: Case fatality rates of subjects classified by Lassa immunoassay results. Panel C: Aspartate Aminotransferase levels in samples from subjects classified by Lassa immunoassay results. Panel D: Detection of LASV genomes (\>400 reads) by Next Generation Sequencing from samples of subjects classified by Lassa immunoassay results.

The case fatality rate (CFR) in the Acute LF group was 19.8% (23/116), which was higher than in the Post-acute LF 8.5% (8/94) and Non-LF groups 2.4% (4/167) (Fig. [2B](#Fig2){ref-type="fig"}). In addition to the immunoassays and qPCR assays, results of a clinical chemistry panel were available for a subset of samples (n = 117). Previous case studies have suggested that elevated liver transaminases and kidney creatinine are markers for Acute LF^[@CR25],[@CR36]^. Aspartate aminotransferase (AST) levels (mean ± SE) were significantly higher in samples from patients in the Acute LF group (1625 ± 965 U/L) than in samples from the Post-acute LF (62 ± 8 U/L) and Non-LF groups (139 ± 22 U/L) (Fig. [2C](#Fig2){ref-type="fig"}). A subset of samples was also subjected to next generation sequencing analyses (NGS)^[@CR29]^. Samples from the Acute LF group in which NGS was attempted produced 55 (68%) LASV genomic sequences, versus 13 (20%) and 15 (26%) of the Post-acute LF and Non-LF groups, respectively.

Fever was the most common symptom reported in each group in the cohort and it was present in over 90% of patients (Fig. [3](#Fig3){ref-type="fig"}). The next most common symptom was headache, which was present in over half of all patients. Abdominal pain was present in approximately one-third of subjects in each group. No other symptom, except hemorrhage, was present in more than one-fourth of the patients of any cohort. Hemorrhage was present in 25% of Acute LF patients. Although this difference was significant (p \< 0.0001) when compared to the Post-acute LF (10%) and the Non-LF (11%) groups, the low frequency of hemorrhage limits its utility for differential diagnosis (Table [S4](#MOESM1){ref-type="media"}). Additional symptoms with significant differences between the Acute LF, Post-acute LF and Non-LF groups, including cough, sore throat and pain, but these symptoms were also present in low frequency providing weak LF screening utility.Figure 3Reported clinical signs and symptoms in the 2018 cohort of suspected Lassa fever cases presenting to Irrua Specialist Teaching Hospital. Subjects were classified as Acute Lassa fever, Post-Acute Lassa fever, and Other Illness based on Lassa immunoassay screening. Asterisks represent P \> ChiSq for difference between three patient groups (\*p \< 0.05; \*\*\*p \< 0.001).

Comparison of LASV RT-qPCR to genomic sequencing results {#Sec4}
--------------------------------------------------------

Any positive fluorescence value obtained below a 43-cycle threshold (Ct \< 43) for the Altona 1.0 qPCR, or a 45-cycle threshold (Ct \< 45) for the Nikisins qPCR, was considered a positive result in the initial round of patient screening at ISTH. We compared the two qPCR assays with each other and with the results of next generation sequencing (NGS) (Fig. [4](#Fig4){ref-type="fig"}). Correlation of the two qPCR methods was good for paired Ct's (excluding non-reactive samples) with R^2^ = 0.639 with linear regression analysis showing a +21% bias in Ct value for the Nikisins method (Fig. [4A](#Fig4){ref-type="fig"}).Figure 4Correlations of quantitative polymerase chain reaction assay results with Next Generation sequencing of Lassa virus genomes. Panel A: Correlation between Altona 1.0 qPCR and Nikisins qPCR cycle threshold (Ct) results and log~10~ of viral genome equivalents per mL (n = 178, R^2^ = 0.64, Linear Regression = 1.80 + 0.79). Panel B: LASV genome assembly length correlation to post-filtering mapped reads (cubic fit of Log-Log transformation of data, R^2^ = 0.97). Panel C: Log -- Linear transformed linear fit of Altona 1.0 qPCR Ct and log~10~ of viral genome equivalents per mL to mapped reads (n = 199, R^2^ = 0.60). Panel D: Log -- Linear transformed linear fit of Nikisins qPCR Ct and log~10~ of viral genome equivalents per mL to mapped reads (n = 201, R^2^ = 0.45). Panel E: Receiver operator curve determination of Altona 1.0 qPCR Ct cut-off based on LASV genomic sequencing. Panel F: Receiver operator curve determination of Nikisins qPCR Ct cut-off based on LASV genomic sequencing.

Although not used in the initial screen, a cutoff value for numbers of cycles (Ct) is traditionally utilized in qPCR assays. In a concurrent metagenomic sequencing study, ISTH qPCR positive samples were submitted for NGS at African Center of Excellence for Genomics of Infectious Diseases (ACEGID), Redeemers University, Nigeria and Broad Institute/Harvard University, USA^[@CR29]^. For the NGS analysis, an assembly length equivalent to ≥4000 base pairs, which corresponded to ≥400 reads mapped to the template genome, was used as a benchmark for successful genome identification (Fig. [4B](#Fig4){ref-type="fig"}). Use of ≥400 mapped reads correlated to qPCR Ct cut-offs of Ct ≤31 for Altona 1.0 or approximately 10^5^ viral genome copies/mL (Fig. [4C](#Fig4){ref-type="fig"}) and Ct ≤ 37 for Nikisins qPCR, which is also approximately 10^5^ viral genome copies/mL (Fig. [4D](#Fig4){ref-type="fig"}), was determined using logistic regression and receiver operator characteristic (ROC) curve analysis (Fig. [4E,F](#Fig4){ref-type="fig"}). These cutoffs are consistent with previously determined limits of detection of Lassa qPCR assays^[@CR37],[@CR38]^. Contingency analysis of the proposed qPCR cut-off at the optimal diagnostic likelihood (sensitivity/1-specificity) compared to NGS reveals sensitivity = 79.5% and specificity = 89.9% for Altona at Ct ≤ 31 (Fig. [4E](#Fig4){ref-type="fig"}, Table [S5](#MOESM1){ref-type="media"}). Performance of Nikisins qPCR at Ct ≤ 37 is sensitivity = 73.8% and specificity = 82.5% (Fig. [4F](#Fig4){ref-type="fig"}, Table [S6](#MOESM1){ref-type="media"}). There was a good correlation between the number of reads that mapped to the LASV genome and the number of mapped reads per million (RPM) total reads (Fig. S1). Similar cutoffs for both qPCRs were obtained using either total number of reads or RPM.

An equivocal (indeterminate) range greater than the Ct cutoff may also be employed for qPCR assays^[@CR39],[@CR40]^. An equivocal range for the two qPCR methods was based on the Ct distribution of samples that were positive by the assigned cut-off of the competing qPCR method. Thus, the Altona Ct distribution for samples positive by Nikisins qPCR estimates an upper limit of the equivocal range as Altona Ct = 36 (Fig. S2). Similarly, the Nikisins Ct distribution for Altona 1.0 positive samples estimates an upper limit of the equivocal range as Nikisins CT = 41 (Fig. S3).

Patients whose samples were positive on the qPCR assays differed from patients whose samples were equivocal or negative by CFR, liver transaminases and NGS (Fig. [5](#Fig5){ref-type="fig"}). The CFR for suspected LF patients whose samples were positive on the Altona 1.0 qPCR assay was 25% (25/100), which was higher than in the equivocal samples with 4% (3/79) and negative samples with 2% (3/172) (Fig. [5A](#Fig5){ref-type="fig"}). AST levels were significantly higher in samples from patients whose samples were positive (mean = 1911 U/L) on the Altona 1.0 qPCR, than in equivocal (mean = 97 U/L; p = 0.0490) or negative samples (mean = 63 U/L; p = 0.0466). LASV genomic sequences were produced in 84% (65/77) of Altona 1.0 positive samples by NGS, compared to 21.1% (15/71) of equivocal samples and 4% (2/52) of negative samples. Similar results were obtained for samples that were positive, equivocal and negative by the Nikisins qPCR (Fig. [5B](#Fig5){ref-type="fig"}).Figure 5Demographics of the 2018 cohort of suspected Lassa fever cases presenting to Irrua Specialist Teaching Hospital classified by Lassa quantitative polymerase chain reaction results. Samples from subjects were classified as positive, equivocal or negative on the Altona 1.0 qPCR (Panel A) or the Nikisons qPCR (Panel B). Case fatality rates of subjects by qPCR results are compared. Aspartate aminotransferase levels and presence of LASV sequences in samples from subjects are also compared.

Comparison of Pan-Lassa RDT with qPCR {#Sec5}
-------------------------------------

Across the entire dataset there was a strong relationship between low Ct values, which reflect high viral RNA levels, and positivity on the Pan-Lassa RDT. All samples with a Ct value below 22 on both the Altona 1.0 and Nikisins qPCR were positive on the Pan-Lassa RDT (Fig. [6A,B](#Fig6){ref-type="fig"}). In contrast, only 10% of samples with an Altona qPCR Ct above 35 were positive on the Pan-Lassa RDT. Similar results were obtained with the Nikisins qPCR above 43. The Ct range covering the transition from LASV antigenemia to IgG/IgM seroconversion spans approximately Ct 23--37 for Altona 1.0, but Ct 26--43 for Nikisins qPCR. Ct values for all samples are shown in Tables [S1](#MOESM1){ref-type="media"}, [S2](#MOESM1){ref-type="media"}, [S3](#MOESM1){ref-type="media"}.Figure 6Relationship of Pan-Lassa rapid diagnostic test and antibody capture immunoassay results to quantitative polymerase chain assay results. Samples from subjects presenting to Irrua Specialist Teaching Hospital with suspected Lassa fever in 2018 were used to compare results of the recombinant Lassa immunoassays to results of the Altona 1.0 qPCR assay (Panel A) and the Nikisins qPCR assay (Panel B).

This transition from LASV antigenemia during acute viremia to IgM and IgG seroconversion is reflected by the inverse correlation of the RDT signal vs IgM and IgG titers (Fig. S4). There was also a strong inverse relationship between low Ct values (high viral RNA) and the presence of anti-LASV IgM or IgG (Fig. [6A,B](#Fig6){ref-type="fig"}). None of the samples with a Ct value below 22 and only a third of the samples with Ct values of 23--28, tested positive for LASV-specific IgM or IgG. Conversely, more than half of the samples with Ct values above 35 by either qPCR were positive for LASV-specific IgM or IgG; or were immunoassay naive. These results indicate that the presence of a humoral immune response to LASV clears viral antigen measured by the Pan-Lassa RDT and signals potential reduction of circulating viral RNA, as measured by the qPCRs, due to neutralization of viremia. A significant correlation between day of symptom onset and results on either qPCR assay or the RDT was not observed in any of the three cohorts (acute LF, post-acute LF or non-LF).

There was a strong relationship between qPCR Ct values, RDT positive rates and CFR. For patients presenting with Altona 1.0 Ct values below 19, all of which were Pan-Lassa RDT positive, the CFR was 45% (Fig. [6A](#Fig6){ref-type="fig"}). The CFR dropped below 8% in cases with a CT above 35 and to less than 1% in case whose samples were negative on both the Altona qPCR (Ct 43--45) and the Pan-Lassa RDT. A similar relationship was observed for the Nikisins qPCR (Fig. [6B](#Fig6){ref-type="fig"}). These results are consistent with prior studies which have shown there is a strong correlation between presentation with high LASV load and the risk of death from LF, as well as a strong correlation with the presence of a humoral immune response and probability of survival^[@CR1],[@CR24]^. These results also confirm the clinical utility of both the qPCR and RDT assays and suggests that the relative performance of the two types of assays are comparable.

Clinical performance of Pan-Lassa RDT {#Sec6}
-------------------------------------

The Pan-Lassa RDT was developed to address the unmet need for a rapid point-of care test to triage potentially acute cases of LF caused by genetically divergent LASV across the broad LF range in West Africa. Since a large cohort of the study group is in a post-acute stage of LF, the most accurate performance estimate is determined by comparing the RDT to the qPCR reference method for samples that are IgG and IgM seronegative (Fig. [7](#Fig7){ref-type="fig"}). A substantial linear correlation was observed between the Ct values of the Altona qPCR assay and visual scoring of the Pan-Lassa RDT (R^2^ = 0.653, Fig. [7A](#Fig7){ref-type="fig"}) for IgM/IgG seronegative samples. A similar degree of correlation was observed between the Nikisins qPCR assay and the Pan-Lassa RDT (R^2^ = 0.620, Fig. [7B](#Fig7){ref-type="fig"}).Figure 7Correlation of quantitative polymerase chain reaction cycle threshold values and Pan-Lassa rapid diagnostic test signal intensity. Signal intensity based on a visual score aid for the Pan-Lassa RDT was compared to cycle threshold (Ct) values for the Altona 1.0 (R^2^ = 0.65; Panel A) and Nikisins qPCR (R^2^ = 0.62; Panel B) for samples from subjects with acute Lassa fever (IgG seronegative).

Performance estimates of the Pan-Lassa RDT were determined using the Altona 1.0 and Nikisins qPCR as separate reference methods with and without Ct cut-offs previously established (Table [1](#Tab1){ref-type="table"}). RDT performance was also compared to composite qPCR results to account for samples that are equivocal by one qPCR but positive by the alternate qPCR method. The clinical performance was estimated for IgG/IgM seronegative samples to assess utility in screening acute LF cases. Limiting the performance estimates to IgG/IgM seronegative samples to assess triage of acute LF improves overall diagnostic performance. Compared to Nikisins qPCR, the Pan-Lassa RDT is 84.5% sensitive and 89.3% specific; compared to Altona 1.0 qPCR the Pan-Lassa RDT is 85.3% sensitive and 85.6% specific. The Pan-Lassa RDT performance, when compared to the combined qPCR results of Altona and Nikisins methods, for IgG/IgM seronegative samples is sensitivity of 83.3% and specificity at 92.8%, with a diagnostic likelihood ratio of 11.6.Table 1Performance of Lassa fever diagnostic assays using different diagnostic standards.ReLASV Antigen RDT PerformanceWith Ct Cut-off and Equivocal RangeWith Ct Cut-off (G/M sero-negative)**Nikisins qPCR**Sensitivity69.1% (60.1--77.1%)84.5% (74.0 -- 92.0%)Specificity88.8% (84.7 -- 92.0%)89.3% (83.8 -- 93.4%)PPV70.8% (61.8 -- 78.8%)76.0% (65.0 -- 84.9%)NPV87.9% (83.8 -- 91.3%)93.5% (88.7 -- 96.7%)Dx Likelihood6.147.87%G/M+42.3%0%**Altona qPCR**Sensitivity72.8% (63.2 -- 81.1%)85.3% (73.8 -- 93.0%)Specificity86.4% (82.2 -- 89.9%)85.6% (79.7 -- 90.3%)PPV62.5% (53.2 -- 71.2%)65.8% (54.3 -- 76.1%)NPV91.1% (87.4 -- 94.0%)94.7% (90.1 -- 97.5%)Dx Likelihood5.365.90%G/M+40.8%0%**Composite qPCR**Sensitivity70.2% (61.6 -- 77.9%)83.3% (73.2 -- 90.8%)Specificity91.3% (87.5 -- 94.2%)92.8% (87.8 -- 96.2%)PPV78.0% (69.4 -- 85.1%)84.4% (74.4 -- 91.7%)NPV87.5% (83.3 -- 91.0%)92.3% (87.1 -- 95.8%)Dx Likelihoo8.0811.6%G/M+40.5%0%**LASV qPCR Performance vs RDTAltona qPCRNikisins qPCRRDT as Ref. Method**Ct ≤ 31Ct ≤ 37Sensitivity76.9% (64.8 -- 86.5%)77.9% (67.0 -- 86.6%)Specificity94.4% (89.7 -- 97.4%)94.0% (89.3 -- 97.1%)PPV84.8% (73.0 -- 92.8%)85.7% (75.3 -- 92.9%)NPV91.0% (85.6 -- 94.9%)90.2% (84.8 -- 94.2%)Dx Likelihood13.7613.01%G/M+0%0%\*Ct cut-off based on ROC comparison of NGS and qPCR.

Discussion {#Sec7}
==========

This study evaluated a suite of LF immunoassays based on LASV recombinant proteins using samples from patients referred to the Lassa surveillance program at ISTH during the 2018 LF outbreak in Nigeria^[@CR1],[@CR20],[@CR25],[@CR31]^. Following screening of the suspected LF cases by qPCR, stored samples were tested on the Pan-Lassa RDT, which utilizes a mixture of polyclonal antibodies raised against the nucleoproteins of representative strains from the three most prevalent LASV lineages (II, III and IV). An earlier generation lateral flow immunoassay, based on paired monoclonal antibodies to the Josiah strain of LASV (lineage IV), performed with high sensitivity and specificity in diagnosing cases of LF presenting to KGH in Sierra Leone^[@CR26]^. However, this lineage IV specific RDT performed with reduced sensitivity for diagnosis of suspected LF patients in central Nigeria, which is predominantly LASV lineage II. Further studies are needed to define the sensitivity of the Pan-Lassa RDT on lineage I and lineage III LASV isolates and newly described LASV lineages V-VII^[@CR7],[@CR41],[@CR42]^. For patients with acute LF, the Pan-Lassa RDT performance was 83.3% sensitivity and 92.8% specificity when compared to composite results of two qPCR assays. 100% of samples that gave Ct values below 22 on both qPCR assays were positive on the Pan-Lassa RDT.

This current study confirms that LF is difficult to diagnose on the basis of clinical signs and symptoms^[@CR1]^. Moreover, reliance on central laboratory testing can delay diagnosis of LF patients by hours or days, making a point-of-care RDT even more valuable. The field performance of the Pan-Lassa RDT suggests that it may be a useful tool for triage of suspected LF cases and management of patients with LF. Diagnosis using the Pan-Lassa RDT is not dependent on sample processing, such as extraction of nucleic acids, or instrumentation that requires a stable source of electrical power, as is the case with PCR.

There are a number of limitations to the current study. While each patient was referred and enrolled for LASV testing during an outbreak situation, fewer than half (37%, 143/385) of the subjects in the cohort that were evaluated met the case definition of suspected LF upon inspection of the metadata. Supporting laboratory data, such as clinical chemistries, was available from only a subset of patients. Approximately half (48%, 184/386) of patients for which limited demographic and clinical data was available were patients who were not admitted to the Lassa Ward. This was a cross-sectional study and only one sample was tested per patient. Future validation studies of Pan-Lassa diagnostic assays should include longitudinal samples collected later in the disease to confirm the presence or absence of LASV infection.

The Pan-Lassa RDT has potential utility in settings where nosocomial infections from LF patients pose an immediate threat to health care workers and in outbreak settings. The Pan-Lassa RDT detects patients with a high virus load with a high sensitivity and specificity. Patients with elevated levels of LASV present the highest risk for transmitting LASV to health care workers (HCW). Pregnant women often have high virus load in blood and other bodily fluids, and are at increased risk for developing severe LF^[@CR1],[@CR43],[@CR44]^. The use of RDTs in maternity wards in LF endemic regions could aid in identification of potential cases and limit HCW transmission. The Pan-Lassa RDT may also find utility in other clinical settings where exposure to bodily fluids may occur, such as surgical units. Patients who test positive for LF by RDT should be transported to medical facilities where confirmatory tests and enhanced supportive care and infection control measures are available. Use of the Pan-Lassa RDT can provide a presumptive diagnosis that could lead to earlier treatment with the antiviral drug ribavirin^[@CR1],[@CR45]^ or LF drugs in under development^[@CR11],[@CR12],[@CR46]^. LASV-specific IgM or IgG immunoassays can also contribute to clinical management of LF patients. Post-acute LF patients are particularly challenging to manage as their presentation can include detectable levels of viral nucleic acid, circulating antigen, IgM, IgG, or a combination thereof. Patients at the post-acute stage of LASV infection whose immune response has controlled the LASV load, yet remain sick enough to seek treatment, may not benefit from ribavirin treatment. These later stage patients may, however, benefit from supportive therapies such as fluid replacement.

A proposed diagnostic algorithm follows from the use of the Pan-Lassa RDT and ELISAs. Under this scenario, suspected LF cases would be triaged using the Pan-Lassa RDT. Presumptive results of the RDT would be confirmed by qPCR using pre-established Ct cut-offs along with concurrent ELISA screening to designate the patients as Acute LF, Post-Acute LF, or Non-LF (including LF Convalescent, IgG+). Additionally, if available, serum chemistry panels can help support a diagnosis of acute LF and help guide supportive care measures. This screening algorithm has the potential to reduce High Containment LF Ward case load compared to the current approach, which designates any qPCR reactivity as a confirmed LF case. These decisions can begin to be made in the development time of the Pan-Lassa RDT, as little as 5--25 minute.

The current study also informs the use of qPCR based assays for LF diagnosis. The results support both the use of a Ct cutoff and equivocal range for the Lassa qPCRs, as has been employed for qPCRs assays for other viral hemorrhagic fevers such as Ebola^[@CR39],[@CR40]^. A unique feature of the current study was the availability of concurrent NGS data from a subset of the cohort. Most of the samples tested in the current cohort exhibited a qPCR signal on either the Altona 1.0 or Nikisins qPCR. However, samples giving Ct values above our calculated cut-offs or samples with equivocal qPCR results exhibited substantially reduced frequency of successfully detecting LASV genomes during NGS compared to qPCR positives. This suggests that a subset of these samples do not contain LASV nucleic acids. Off-target amplification, generation of primer dimers and other artifacts may produce low-level signals in qPCR, often characterized by non-logarithmic amplification. In a recent study it was determined that samples that produced Ct values above the cut-offs established here did not contain replication-competent LASV (in preparation). Further studies to optimize and evaluate Lassa qPCR assays for divergent lineages of LASV, including the use of assays that combine more than one set of PCR primers, would help reduce the ambiguity of results in the negative or equivocal ranges. Development of more sensitive methods for detection of LASV genomic RNA should also proceed with an emphasis on platforms that are low cost, and can be deployed and maintained in austere environments.

The imperfect performance of the qPCR, coupled with the increasing genetic diversity of LASV across West Africa, highlights the challenges of evaluating the performance of Lassa diagnostics^[@CR47]--[@CR49]^. A recent sequencing study of LASV genomes from Liberian LF patients identified concerns in the current molecular diagnostic assays being used in Liberia^[@CR50]^. In particular, when compared to primers used in various qPCR assays, numerous nucleotide mismatches present in recently circulating LASV genomes were identified that may impact amplification. The current results support the call to evaluate more recently developed pan-Lassa qPCR assays and immunological tests in Liberia, and to develop a more comprehensive testing algorithm.

Neither qPCR based assays nor NGS represent ideal diagnostic standards to appropriately evaluate the sensitivity and specificity of either LASV immunoassays or nucleic acid tests. In that regard, the estimate of Pan-Lassa RDT performance (83.3% sensitivity and 92.8% specificity) should be considered in the context that the PCR assays represent an imperfect standard. While PCR-based assays are often assumed to be more sensitive than immunoassays, the latter can be far more sensitive in the post-acute stage of the disease. This situation was evident in a previous study of samples from a recent cohort of Sierra Leonean patients with suspected LF^[@CR26]^. Many of the subjects in the current cohort were in the post-acute stage of disease. Persistence of LASV antigen, genomic RNA and anti-LASV IgM may occur in a subset of subjects even after clearance of infectious virus, has been observed in other virus infections^[@CR40],[@CR51],[@CR52]^. For example, a recent report showed that it was possible to isolate replicating Ebola virus from samples with a Ct ≤ 30, but not from samples with a Ct\> 33 with a grey zone with sporadic isolations from samples with a Ct 30--32^[@CR40]^. In a subset of samples from subjects examined here, LASV nucleic acids or antigen were detected for extended periods into the convalescence stage. LASV infections have been characterized when circulating antigenemia precedes detection of viral nucleic acid, but in most instances the reverse pattern is commonplace. Additionally, nucleic acid is commonly detected after serum antigenemia subsides, although in a significant number of cases shed viral antigen can be detected after clearance of nucleic acid and infectious virus^[@CR26]^.

Development of the Pan-Lassa RDT and ELISAs with polyclonal antibodies results in sensitive and specific immunodiagnostic platforms that are more tolerant to genetic variation than PCR assays. The expected overall higher sensitivity of PCR-based assays can extend the detection range of LASV infections, particularly in early (asymptomatic) and post-acute stages of LF. Therefore, both platforms should be part of a comprehensive diagnostic algorithm in the testing of suspected LF patients. A combined testing algorithm has been previously proposed toward a best available diagnostic evaluation, treatment options, and patient outcome^[@CR23]^. In patients where IgM and/or IgG titers have emerged, ribavirin treatment may not result in enhanced survival^[@CR1]^. This subset of patients may benefit primarily from supportive therapy.

Future studies should evaluate LF diagnostics throughout the course of infection. When possible, retesting of patients should be performed 24--48 hours after a LF diagnosis is made, with equivocal results carefully evaluated (e.g. one positive and one negative PCR, with positive or negative antigenemia, and with positive or negative IgM and/or IgM titers). Retesting these samples 24--48 hours after the initial diagnosis often clarifies the patient's LF status. Treatment options for patients in such instances is always at the discretion of the attending physician and nursing staff.

The increasing frequency of viral hemorrhagic fever (VHF) outbreaks across sub-Saharan Africa has shined a spotlight on the need to complete the armamentarium of medical countermeasures for Lassa, Ebola and other VHFs. International groups, such as CEPI, are accelerating efforts to develop therapeutics and vaccines for LF^[@CR53]^. ReLASV Pan-Lassa *in vitro* diagnostics are uniquely positioned to inform and support these efforts as a suite of robust, accurate medical devices to further expand LF surveillance throughout LF-affected West African countries. Our findings demonstrate the clinical utility of the Pan-Lassa RDT as well as the Pan-Lassa NP IgG/IgM ELISAs. Future studies to validate these assays to aid in diagnosis of LF, case investigations, and epidemiology studies can contribute to improved LF disease management and control in conjunction with vaccine and therapeutic candidates under development.

Methods {#Sec8}
=======

Study design {#Sec9}
------------

Human subjects research was conducted in accordance with all relevant guidelines and regulations, including the Declaration of Helsinki. Clinical research including all human subjects testing was approved by ISTH, Redeemer's University, Harvard University and the Tulane University Institutional Review Boards (IRB). All patients enrolled in this study and/or their legal guardians provided written informed consent after the nature and possible consequences of the studies were explained. Excess clinical samples (deidentified, surplus diagnostic samples) were obtained under a waiver of consent granted by the ISTH Research Ethics Committee. All samples were deidentified prior to qRT-PCR screening and performance of the immunoassays in the ISTH Lassa fever laboratory that operates at Biosafety level 2 plus (BSL-2+). Demographic, clinical, and laboratory data were obtained in accordance with ethics approval. Samples were obtained prior to administration of ribavirin, which reduces virus load in some patients. Only ISTH staff were involved in the administration of health care to suspected Lassa fever patients at the ISTH Lassa Ward. All medical decisions, including whether or not to administer ribavirin to patients, were at the sole discretion of the attending ISTH Lassa Ward physicians.

ReLASV RDT {#Sec10}
----------

The ReLASV Pan-Lassa Antigen Rapid Test (RDT) has been developed using affinity purified polyclonal rabbit antibodies specific for LASV nucleoprotein (NP) antigen^[@CR25],[@CR31]^. The immunochromatographic dipstick design incorporates a plasma separator sample pad, a gold nanoparticle-labelled PAb, a test line consisting of a PAb that captures the LASV NP antigen-PAb nanoparticle complex, and a rabbit IgG specific control line. 30 µL of whole blood, plasma, or serum is introduced onto the sample pad, and the dipstick is then inserted into a culture tube containing 200 µL (4 drops) of sample buffer, which initiates the flow of sample and sample buffer. Incubation time is 15--25 minutes at ambient temperature (18--30 °C) for full signal development. Results are scored on a scale of 0--5 using a visual aid (Fig. [1](#Fig1){ref-type="fig"}). In future studies we will evaluate the utility of a mobile phone application 'HandLens' that captures and analyzes an image of one or more lateral flow strips to quantify test results, facilitate accurate readout and resolve ambiguous readouts^[@CR54]^.

ReLASV IgM and IgG ELISA {#Sec11}
------------------------

The ReLASV Pan-Lassa NP-specific IgM and IgG ELISA utilizes microwell plates coated with a mixture of recombinant NP lineage II, III, and IV^[@CR24]^. The calibrators, controls and patient serum are diluted 1:100 in sample buffer. Diluted calibrator, controls, and samples are transferred into the microwell plate (100 µL/well) and incubated for 30 minutes at ambient temperature (18--30 °C). Microwells are washed four times with 300 µL/well of PBS-Tween wash solution. Peroxidase labeled human IgG or IgM Fc-specific caprine polyclonal reagent (Jackson ImmunoResearch Laboratories, Inc. West Grove, PA) is added to the microwells (100 µL/well) and incubated at ambient temperature for 30 minutes. Microwell wash step is repeated. Soluble TMB substrate is added (100 uL/well) and incubated 10 minutes followed by addition of Stop Solution (100 uL/well). Microplates are read at 450 nm with 650 nm subtraction. IgG and IgM concentration (Units/mL) are estimated using a 4-parameter logistic fit. Negative cut-offs based on normal controls are equal to IgG \>6.5 U/mL and IgM \>5.6 U/mL.

LASV quantitative polymerase chain reaction assays {#Sec12}
--------------------------------------------------

LASV quantitative PCR at ISTH was previously described in Kafetzopoulou *et al*., 2019^[@CR30]^. Briefly, two independent qPCR methods are used to evaluate the presence of Lassa viral genomes in the ISTH Lassa fever laboratory that operates at Biosafety level 2 plus (BSL-2+). The Altona 1.0 qPCR assay (RealStar Lassa Virus RT-PCR Kit 1.0 CE, Altona Diagnostics, Hamburg, Germany) targets the LASV S gene segment with non-degenerate primers and probe. The Nikisins qPCR assay targets the L gene segment and utilizes a set of highly degenerate primers and probe^[@CR34]^. Viral RNA was extracted using QIAamp Viral RNA Mini Kit according to manufacturer's instructions (Qiagen). Nikisins qPCR is optimized to use the Invitrogen SuperScript III Platinum One-Step qRT-PCR reagents (ThermoFisher Scientific, Waltham, Mass. USA). Temperature profile for both assays followed Altona 1.0 protocol using the Rotor-Gene Q PCR cycler (Qiagen N.V., Hilden, Germany). Log~10~ genome copies per mL derived from Ct values were obtained by comparison to samples with known gene copy numbers.

Next generation sequencing {#Sec13}
--------------------------

LASV genomic sequencing methods for this study were previously described in Siddle *et al*., 2018^[@CR29]^. Briefly, all clinical samples (plasma) were inactivated in buffer AVL prior to transport to sequencing labs that operate at BSL-2. Viral RNA was extracted using the QiAmp viral RNA mini kit (Qiagen) or Pathogen RNA/DNA kit (MagMax) according to manufacturer's instructions. Contaminating DNA was removed, cDNA synthesized, and sequencing libraries prepared using the Nextera XT kit (Illumina) as previously described in Matranga *et al*., 2016^[@CR55]^. Samples were sequenced using Illumina MiSeq, HiSeq. 2500, or NovaSeq machines with 100 nucleotide paired-end reads. Samples that did not successfully produce LASV genome on first attempt were not repeated. After removing reads mapping to the human genome, reads were filtered against previously known LASV genomes. Finally, de novo assembly was performed using Trinity software^[@CR56]^ and scaffolded contigs against one of three LASV reference genomes representing LASV lineages II, III, IV (GenBank KM821997--8, GU481072--3, KM821772--3 respectively).

Clinical chemistry {#Sec14}
------------------

Blood chemistry testing was performed with a SPOTCHEM EZ analyzer (Model SP-4430; ARKRAY Inc., Kyoto, Japan) and SPOTCHEM II test strips including Liver Panel 1, according to the manufacturer's recommendations. We performed metabolic measurements that included the blood levels of glucose, total cholesterol, amylase, glucose, blood urea nitrogen (BUN), creatinine (CRE), lactic acid dehydrogenase (LDH), alanine aminotransferase (ALT/GPT), aspartate aminotransferase (AST/GOT), albumin (ALB), total bilirubin (TBIL), and total protein (TP).

Data analysis and statistical methods {#Sec15}
-------------------------------------

Data analysis and statistic methods have been described previously^[@CR26]^. Laboratory data, including absorbance values, were analyzed in their individual forms and were not transformed. Pairwise comparisons involving continuous variables were carried out on the ranks of the data values to account for any departures in normality or differences in standard deviations among comparison groups. Contingency analyses were performed with Fisher's exact test. Logistic fit with Receiver Operator Characteristic (ROC) curve analysis was used to assess the diagnostic accuracy of the RDT. Data were analyzed using the JMP software (version 13.0.0, SAS Institute, Inc., Cary, NC) and Prism (version 6.07, GraphPad Software, Inc., San Diego, CA). Analyses were two-tailed with a significance threshold set at p \< 0.05.

Lassa virus strains {#Sec16}
-------------------

Representative strains from lineages II (LASV237-Nigeria-2010H), III (LASV-Nig08-A18-Nigeria-2008H), and IV (Josiah) were chosen for molecular cloning and expression of the respective nucleoprotein (NP) genes in *E. coli*. The lineage II and III strains were chosen based on their approximate median divergence from the corresponding lineage root.
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